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the	 ubiquitous	 presence	 of	 intercalated	 sandstone	 and	 mudstone	 laminae.	 Core-plug	24	
















We	begin	by	 identifying	a	 representative	elementary	 volume	 (REV)	of	1	m3,	 confirming	33	
that	 the	 model	 volume	 of	 9	m3	 yields	 representative	 permeability	 values.	 Effective	34	
permeability	decreases	as	the	mudstone	fraction	increases,	and	is	highly	anisotropic:	vertical	35	




significantly	 impact	 effective	 permeability,	 with	 the	 impact	 depending	 upon	 the	 flow	40	
direction	 and	 mudstone	 fraction.	 The	 results	 yield	 improved	 estimates	 of	 effective	41	
permeability	 in	 heterolithic,	 cross-bedded	 sandstones,	 which	 can	 be	 used	 to	 populate	42	














laminae	 (often	 termed	 “drapes”)	 affect	 the	 reservoir	 performance	 of	 tidal	 heterolithic	49	
sandstone	 units,	 as	 they	 can	 act	 as	 baffles	 or	 barriers	 to	 flow	 during	 hydrocarbon	50	
production,	 depending	 on	 their	 lateral	 and	 vertical	 extent	 (Weber,	 1982;	 Kjønsvik	 et	al.,	51	
1994;	Jackson	and	Muggeridge,	2000;	White	et	al.,	2004;	Martinius	et	al.,	2005;).	Mudstone	52	
drapes	 occur	 over	 a	 range	 of	 length-scales	 and	 with	 different	 geometric	 configurations,	53	
reflecting	 the	 scale	 of	 bedforms	 and	 the	 strength	 and	 spatial	 variability	 of	 tidal	 currents	54	
during	 deposition.	 Consequently,	 mudstone	 and	 sandstone	 laminae	 exhibit	 complex	 3D	55	
architecture	 with	 highly	 variable	 lateral	 and	 vertical	 connectivity	 that	 is	 challenging	 to	56	
represent	 in	 geologic	 and	 flow-simulation	 models.	 Common	 practice	 is	 to	 obtain	 rock	57	
properties	 for	 these	 heterogeneous	 sandstones	 from	 subsurface	 wireline-log	 data	 or	58	
laboratory	core	measurements,	and	then	to	upscale	these	measurements	to	the	grid-block	59	
scale	 in	 geologic	models	 using	 simple	 averaging	methods	 (Corbett	 and	 Jensen,	 1992).	 Yet	60	
previous	 studies	 have	 demonstrated	 that	 averaging	 of	 core	 permeability	 measurements	61	
does	 not	 yield	 representative	 values	 at	 the	 grid-block	 scale,	 because	 these	 data	 do	 not	62	
sample	a	volume	of	 rock	 that	 is	 representative	of	 the	heterogeneity	 (Jackson	et	al.,	2003).	63	
Values	 appropriate	 for	 use	 at	 larger	 length-scales	must	 be	 derived	 using	 a	 representative	64	
elementary	 volume	 (REV)	 of	 the	 rock	 (sensu	 Bear,	 1972):	 above	 this	 minimum	 volume,	65	
measured	 or	 calculated	 properties	 are	 independent	 of	 the	 sample	 volume	 considered	66	
(Figure	 1).	 The	 REV	 for	 permeability	 must	 be	 sufficiently	 large	 to	 capture	 the	 key	67	
heterogeneities	 dictating	 flow	 in	 all	 directions.	 In	 practice	 the	 REV	 may	 not	 be	 reached	68	












Rubin,	1987),	 in	order	 to	simulate	 flow	and	 thus	predict	effective	permeability	 in	 the	near	74	




tidal	 sandstones	directly	 from	outcrop	rock	samples.	The	 two	7.5	x	104	cm3	samples	 (0.5	x	79	
0.5	x	0.3	m;	 i.e.	above	the	REV	of	Nordahl	and	Ringrose,	2008)	were	serially-sectioned	at	a	80	
spacing	of	2	cm,	and	the	surfaces	bounding	sandstone	and	mudstone	lithologies	traced	in	2D	81	
on	 each	 section,	 in	 order	 to	 reconstruct	 the	 lithologic-boundary	 surfaces	 in	 3D	 (Jackson	82	
et	 	al.,	 2005).	 Flow	 simulation	 of	 the	 resulting	 surface-based	 models	 identified	 the	83	
connectivity	 of	 sandstone	 and	 mudstone	 laminae	 as	 the	 main	 parameter	 controlling	84	
reservoir	 properties.	 Thus,	 accurate	 representation	 of	 sandstone-	 and	 mudstone-laminae	85	
distribution	 and	 geometry	 is	 an	 essential	 requirement	 for	 models	 to	 predict	 effective	86	
permeability.	87	
In	 a	 companion	 paper	 (Massart	 et	al.,	 2016,	 this	 issue),	 we	 document	 a	 new	 surface-88	
based	 methodology	 for	 accurate	 geometric	 representation	 of	 lithologic	 heterogeneity	 in	89	
heterolithic,	 cross-bedded	 tidal	 sandstones.	 The	method	 requires	 the	 user	 to	 define	 input	90	
values	for	a	small	number	of	parameters	that	describe	the	geometry	and	spatial	distribution	91	
of	 foreset-toeset	 surfaces	 and	 the	 distribution	 of	 mudstone	 drapes	 along	 these	 surfaces.	92	
Values	of	the	parameters	may	be	derived	for	a	given	interval	from	a	combination	of	wireline	93	
and/or	 core	 and	 outcrop-analog	 data.	 In	 this	 paper,	 we	 apply	 the	 surface-based	94	
methodology	 to	construct	a	 range	of	models	of	cross-bedded	tidal	 sandstones,	 in	order	 to	95	









surfaces	 within	 cross-beds.	 The	 study	 has	 four	 aims:	 (1)	 to	 identify	 a	 possible	 REV	 for	97	
heterolithic,	cross-bedded	tidal	sandstones	by	investigating	the	impact	of	sample	volume	on	98	
permeability,	 (2)	 to	quantify	the	 impact	on	effective	permeability	of	mudstone	proportion,	99	
which	is	controlled	by	mudstone	drape	extent	and	continuity	along	foreset-toeset	surfaces,	100	
(3)	 to	 determine	whether	 effective	 permeability	 can	 be	 predicted	 to	 reasonable	 accuracy	101	
based	only	on	knowledge	of	the	sandstone	fraction	(the	net-to-gross	ratio),	and	(4)	to	assess	102	
the	 relative	 sensitivity	 of	 effective	 permeability	 to	 six	 geometric	 parameters	 that	 are	103	
uncertain	in	the	subsurface	but	control	the	spatial	arrangement	of	mudstone	drapes	in	tidal	104	










Model	 cross-bed	 sets	 and	 cross-bed	 surfaces	 within	 sets.	 The	 volume	 of	 interest	 is	115	
subdivided	into	ellipsoidal	cross-bed	sets,	each	defined	by	one	base	and	one	top	surface.	The	116	
spatial	distribution	of	the	cross-bed	sets	can	be	modelled	stochastically	 (i.e.	cross-bed	sets	117	
are	placed	randomly	 into	 the	model	volume,	and	 the	dimensions	and	orientations	of	each	118	










bed	sets	erode	 into	each	other	 following	 the	rules	of	stratigraphic	order.	Numerous	cross-121	
bed	 surfaces	 (termed	 here	 “foreset-toeset	 surfaces”)	 with	 a	 common	 geometry	 are	 then	122	
modelled	 within	 each	 cross-bed	 set,	 until	 a	 specific	 density	 (number	 per	 unit	 volume)	 is	123	
reached.	The	geometric	input	parameters	required	to	model	the	foreset-toeset	surfaces	are:	124	
(1)	the	foreset	thickness	FT	and	(2)	the	toeset	thickness	TT	between	two	successive	foreset-125	




corner-point	 grids	 in	which	 the	grid	 layers	are	 constrained	by	 the	modelled	 foreset-toeset	130	




cells	 that	are	aligned	parallel	 to	 the	underlying	 foreset-toeset	surface.	The	model	contains	135	
numerous	zero-thickness	cells,	which	occur	where	foreset-toeset	surfaces	downlap	onto,	or	136	
are	 truncated	 by,	 cross-bed	 set	 bounding	 surfaces.	 These	 zero-thickness	 cells	 are	 inactive	137	
and	are	bridged	using	non-neighbor	connections	(cf.	White	and	Barton,	1999;	Jackson	et	al.,	138	
2005,	2009;	Sech	et	al.,	2009).	139	
Model	 sandstone	 and	mudstone	 lithologies.	 The	 lithology	 is	 assumed	 to	 be	 sandstone	140	
except	where	mudstone	 layers	 are	 present.	More	or	 less	 continuous	mudstone	 layers	 are	141	









directly	 above	each	 foreset-toeset	 surface	 is	 used	 to	 incorporate	mudstone	drapes,	which	144	
are	 documented	 to	 have	 a	 comparable	 thickness	 (Terwindt,	 1971;	 Nio	 and	 Yang,	 1991;	145	








Model	 petrophysical	 properties.	 The	 sandstone	 and	 mudstone	 lithologies	 are	 each	154	
modelled	with	uniform,	isotropic	permeability	and	the	value	is	zero	in	mudstone,	consistent	155	
with	 minipermeameter	 measurements	 that	 show	 mudstone	 permeability	 is	 often	 below	156	
instrument	resolution	(<	1	nd)	and	at	 least	 five	orders	of	magnitude	 lower	than	sandstone	157	
permeability	 in	 a	 given	 sample	 (e.g.	 Ringrose	et	al.,	 2005).	 This	 approach	 yields	models	 in	158	
which	toesets	contain	laterally	extensive	sandstone	laminae	separated	by	mudstone	drapes,	159	
analogous	to	wavy-bedded	toesets.	However,	previous	studies	have	shown	that	the	 lateral	160	
sandstone	 connectivity	 breaks	 down	 when	 the	 sandstone	 fraction	 falls	 below	 c.	0.29	161	
(corresponding	 to	 the	 percolation	 threshold;	 King,	 1990),	 in	 which	 case	 sandstones	 form	162	
isolated	lenses	comprising	lenticular-bedding	(Jackson	et	al.,	2005).	Consequently,	in	toeset	163	
regions,	the	sandstone	permeability	is	set	to	zero	if	the	volumetric	sandstone	fraction	is	less	164	












The	 impact	 of	 sample	 volume	 on	 effective	 permeability	 was	 determined	 in	 order	 to	170	
identify	a	potential	REV.	The	model	chosen	for	this	analysis	is	referred	as	the	“intermediate	171	
model”.	Geometric	 input	parameters	 for	 this	model	were	obtained	 from	a	 specific	 locality	172	
(termed	“Gecko	Nose”)	within	the	outcrop	analog	(the	Eocene	Dir	Abu	Lifa	Member	 in	the	173	
Western	 Desert,	 Egypt;	 Legler	 et	al.,	 2013)	 from	 which	 the	 modelling	 methodology	 was	174	
derived.	 The	 input	 parameters	 correspond	 to	 the	 average	 of	 the	 ranges	measured	 at	 the	175	
outcrop	 location	 (Table	 1).	 The	 model	 represents	 trough	 cross-bedding	 with	 a	 mudstone	176	
drape	 coverage	 of	 25%	 along	 foreset	 surfaces	 and	 57%	 along	 toesets.	 The	 corresponding	177	
sandstone	proportion	(the	net	to	gross	ratio)	is	0.89.	The	largest	modelled	volume	is	9	m3	(3	178	
x	3	x	1	m),	which	contains	6	cross-bed	sets	 (with	partially	preserved,	elliptical	geometry	 in	179	




the	 grid	 has	 been	 chosen	 in	 order	 to	 reproduce	 accurately	 the	 complex	 geometry	 of	 the	184	
foreset-toeset	 surfaces,	 especially	 at	 their	 terminations,	 and	 to	 keep	 the	 number	 of	 cells	185	
sufficiently	small	for	flow	simulation.	186	















To	 determine	whether	 effective	 permeability	 can	 be	 predicted	 from	measurements	 of	194	
sandstone	 fraction	 (i.e.	 net-to-gross	 ratio),	 the	 intermediate	 model	 described	 above	 was	195	
used	 to	 study	 the	 impact	 of	 mudstone	 drape	 coverage	 along	 foreset-toeset	 surfaces	 on	196	
effective	 permeability.	 The	 mudstone	 drape	 coverage	 was	 varied	 from	 100%	 to	 0%;	 the	197	
corresponding	fraction	of	sandstone	in	the	model	varied	from	0.74	(when	all	foreset-toeset	198	
surfaces	are	entirely	covered	by	mudstone	drapes)	 to	1.00	 (no	mudstone	drape).	Effective	199	
permeability	 was	 calculated	 using	 the	 method	 described	 below	 in	 three	 orthogonal	200	
directions:	two	perpendicular	horizontal	directions,	parallel	(dip	direction)	and	perpendicular	201	
(strike	direction)	to	the	orientation	of	the	foreset-toeset	surfaces,	and	the	vertical	direction.	202	
This	methodology	 is	 similar	 to	 those	 used	 in	 previous	 studies	 of	 the	 impact	 of	mudstone	203	
fraction	 on	 effective	 permeability	 for	 wavy-bedded	 heterolithic	 tidal	 sandstones	 (Jackson	204	
et	al.,	 2003;	 Ringrose	 et	al.,	 2003,	 2005;	 Nordahl	 et	al.,	 2005).	 By	 varying	 the	 mudstone	205	
drape	coverage,	we	directly	changed	the	mudstone	content	of	the	model	without	changing	206	
the	geometry	of	the	stratigraphic	surfaces.	In	this	way,	it	was	possible	to	determine	whether	207	
cross-bedded	 heterolithic	 sandstones	 behave	 in	 accordance	 with	 a	 percolation	 threshold	208	













In	addition	 to	 the	 intermediate	model	described	above,	 two	geologically	plausible	end-214	
member	models	were	created	to	determine	the	possible	range	of	effective	permeability	for	215	
tidal	cross-bedded	sandstones,	depending	on	the	style	of	cross-bedding,	the	geometry	and	216	
distribution	of	 foreset-toeset	 surfaces	 in	cross-bed	sets,	and	 the	connectivity	of	 sandstone	217	
laminae	 in	 the	 toeset	 areas.	 One	 model	 represents	 trough	 cross-bedded	 sandstone	 with	218	
prominent	toeset	areas	(foreset	to	toeset	volume	ratio	RF/T	=	2	:	3)	(Table	1;	Figure	3);	as	for	219	
the	 intermediate	 model,	 the	 input	 data	 were	 obtained	 from	 the	 Gecko	 Nose	 outcrop	220	
location	 described	 in	 the	 companion	 paper	 (Massart	et	al.,	 2016).	 The	 other	 end-member	221	
model	 represents	 tabular	 cross-bedded	 sandstone	 with	 almost	 non-existent	 toeset	 areas	222	
(foreset	 to	 toeset	 volume	 ratio	RF/T	=	24	:	1)	 (Table	 1;	 Figure	 4);	 input	 data	 for	 this	model	223	
were	 obtained	 from	 the	 Butterfly	 Canyon	 location	 described	 in	 the	 companion	 paper	224	
(Massart	et	al.,	2016).	This	model	is	also	presented	in	the	companion	paper	(see	Figure	14	in	225	
Massart	et	al.,	2016).		226	
The	 settings	 of	 the	 six	 input	 parameters	 for	 these	 two	 end-member	 models	 are	227	
summarized	in	Table	1;	they	were	taken	from	the	outcrop	data	reported	in	the	companion	228	
paper	 (Massart	 et	al.,	 2016).	 The	 foreset	 thickness	 FT	 distribution	 was	 chosen	 to	 be	 log-229	
normal	with	a	 standard	deviation	σ(FT)	of	3.9	cm	 in	both	 trough	and	 tabular	 cross-bedded	230	
models,	 but	 with	 a	 different	 mean	 value,	 specific	 to	 the	 outcrop	 location.	 The	 foreset	231	
thickness	 directly	 impacts	 the	 number	 of	 foreset-toeset	 surfaces	 contained	 in	 a	 cross-bed	232	
set.	 Mud-patch	 ellipse	 dimensions	 were	 drawn	 from	 uniform	 distributions	 that	 yielded	233	
mudstone	drapes	in	the	trough	cross-bedded	end-member	model	that	were	elongated	and	234	









discontinuous	 and	mostly	 preserved	 in	 the	 toesets	 and	distal	 foresets.	Multiple	mudstone	236	
drape	coverage	scenarios	were	created	for	both	end-member	models.	Effective	permeability	237	





permeability	 to	 uncertain	 parameters	 controlling	 the	 geometry	 of	 the	 foreset-toeset	243	
surfaces	with	a	combination	of	settings,	which	represent	a	spread	of	cross-bed	architectures	244	
around	the	intermediate	case	and	within	the	range	spanned	by	the	end-member	cases.	The	245	




patches	 placed	 along	 foreset-toeset	 surfaces	MPL	.	 An	 experimental	 design	 approach	 was	250	
used,	 which	 allows	 the	 relative	 effects	 of	 different	 variables	 to	 be	 quantified	 whilst	251	




parameters	 simultaneously).	 For	 each	 of	 the	 nine	models	 created,	 three	mudstone	 drape	256	











Effective	permeability	was	calculated	 in	all	models	and	 in	all	 three	 flow	directions	 (dip,	261	
strike	and	vertical)	by	simulating	single	phase	 flow	using	a	conventional	 industry	simulator	262	
(Schlumberger,	 2013)	 and	 calculating	 the	 effective	 permeability	 ke	 using	 Darcy’s	 Law	263	
expressed	as	(e.g.	Warren	and	Price,	1961):	264	
	 𝑘! = !"#!∆!	 (1)	265	
where	Q	is	the	volumetric	flow	rate	(m3/s),	μ	is	the	viscosity	(chosen	arbitrarily	to	be	1	Pa.s),	266	
L	is	the	model	length	in	the	direction	of	flow	(m),	A	is	the	cross-sectional	area	of	the	model	267	
perpendicular	 to	 the	 direction	 of	 flow	 (m2),	 and	 ΔP	 is	 the	 fluid	 potential	 drop	 along	 the	268	
model	 in	 the	 direction	 of	 flow	 (Pa).	 The	 fluid	 potential	 corresponds	 to	 the	 fluid	 pressure	269	
minus	the	hydrostatic	pressure.	270	
To	 calculate	 permeability	 in	 a	 given	 direction,	 fluid	 was	 injected	 into	 one	 face	 of	 the	271	
model	 and	 produced	 from	 the	 opposing	 face;	 the	 other	 four	 model	 faces	 were	 sealed.	272	
Horizontal	flow	parallel	to	the	main	orientation	of	the	cross-bedding	surfaces	is	termed	dip-273	
oriented	 and	 the	 permeability	 is	 denoted	 kd	;	 the	 perpendicular,	 horizontal	 direction	 is	274	
termed	strike-oriented,	and	 the	permeability	 is	denoted	ks	.	 The	horizontal	permeability	kh	275	
has	been	defined	as	the	arithmetic	mean	between	kd	and	ks	(kh	=	(kd	+	ks	)/2)	as	it	is	usually	276	
the	favorite	averaging	method	for	estimating	horizontal	permeability	(Jackson	et	al.,	2003).	277	
Vertical	 effective	 permeability	 is	 denoted	 kv	.	 Injection	 and	 production	 faces	 contained	 a	278	











was	 limited	 by	 a	 maximum	 pressure,	 which	 was	 higher	 than	 the	 (atmospheric)	 outlet	282	
pressure,	while	the	production	rate	was	controlled	by	a	fixed	target.	Each	simulation	was	run	283	






permeability	 calculated	 using	 equation	 (1).	 Values	 of	 effective	 permeability	 ke	 in	 a	 given	290	
direction	 are	 reported	 as	 a	 normalized	 value	 expressed	 as	 a	 fraction	 of	 the	 isotropic	291	
sandstone	permeability	ksand	:	292	
	 𝑘!! = !!!!"#$	 (2)	293	
The	 results	 reported	 in	 this	 way	 are	 independent	 of	 the	 value	 of	 sandstone	 permeability	294	
used	in	the	models;	moreover,	the	normalized	effective	permeability	can	be	rescaled	to	any	295	
value	 of	 sandstone	 permeability	 obtained	 from	 core-plug	 or	 mini-permeameter	296	
measurements.		297	
The	 corner-point	 grids	 used	 to	 capture	 the	 complex	 architecture	 of	 the	 cross-beds	298	
contain	 relatively	 steeply	 inclined	 cells.	 Thus,	 while	 the	 grids	 accurately	 reproduce	299	

















these	 determined	 for	 the	 reference	model	 as	 the	 errors	 are	 introduced	 solely	 by	 the	 grid	309	
geometry.	The	error	in	the	dip	and	vertical	directions	is	relatively	large,	and	reflects	the	high	310	
deviation	 from	 k-orthogonality	 in	 these	 directions.	 The	 error	 is	 not	 reduced	 by	 grid	311	















The	 intermediate	 model	 and	 the	 two	 end-member	 models	 can	 be	 visualized	 using	319	







2016).	As	 the	 foreset	 thickness	FT	 is	 specific	 to	 the	outcrop	 location,	 its	mean	value	 is	 the	327	
same	 for	both	models	 (FT	 =	 5.9	±	3.9	cm)	with	 a	progressive	 transition	 (from	 thin	 to	 thick	328	
sandstone	 laminae,	 and	 then	 back	 to	 thin	 laminae)	 corresponding	 to	 a	 neap-spring	 tidal	329	
cycle.	 The	 trough	 cross-bedded	 end-member	 model	 displays	 a	 higher	 density	 network	 of	330	
mudstone	drapes	than	the	intermediate	model	(compare	Figures	2	and	3)	even	though	the	331	
foreset	 spacing	 is	 the	 same	 in	 both	 models;	 the	 difference	 arises	 in	 the	 volume	 fraction	332	
occupied	 by	muddy	 toeset	 parts,	 with	 the	 toeset	 volume	 proportion	 of	 the	 trough	 cross-333	
bedded	 end-member	 model	 (60%)	 being	 4.5	 times	 higher	 than	 that	 of	 the	 intermediate	334	
model	counterpart	(13%)	(Table	1).	The	trough	cross-bedded	end-member	model	is	directly	335	
recreated	from	one	outcrop	example	of	the	Gecko	Nose	outcrop	location	featuring	this	high	336	
proportion	of	muddy	toeset	parts	 (Figure	3	A),	whereas	 the	 foreset	 to	 toeset	volume	ratio	337	
for	the	intermediate	model	is	an	average	of	all	measured	trough	cross-bed	sets	at	the	Gecko	338	











location	 (see	 Figure	 6	 in	 Massart	 et	al.,	 2016).	 In	 this	 model,	 sandy	 foreset	 parts	 are	343	
predominant	 over	 the	 muddy	 toeset	 parts,	 with	 a	 toeset	 volume	 proportion	 of	 4%	344	
reproduced	directly	from	one	example	at	the	outcrop	location	(Figure	4).	The	mean	foreset	345	
thickness	 FT	 is	 higher	 for	 this	 model	 with	 FT	 =	 10.0	 ±	 3.9	cm.	 Consequently,	 mudstone	346	
content	 in	 the	model	only	 reaches	a	volume	 fraction	of	0.13	when	 foreset-toeset	 surfaces	347	
are	entirely	covered	by	mudstone	drapes	(i.e.	at	100%	mudstone	drape	coverage).		348	
The	 appearance	 of	 the	 muddy	 toesets	 is	 different	 between	 the	 Gecko	 Nose	 and	 the	349	
Butterfly	Canyon	outcrop	 locations,	 and	 is	 reproduced	accordingly	 in	 the	models	 reported	350	
here.	 Toesets	 at	 Butterfly	 Canyon	 are	 limited	 to	 thin	 but	 laterally	 continuous	 mudstone	351	
drapes	that	occur	between	stacked	cross-bed	sets	(Figure	4	A)	and	are	reproduced	as	such	in	352	
the	tabular	cross-bedded	end-member	model	(Figure	4	D).	At	Gecko	Nose,	toesets	are	well	353	
expressed,	 comprising	 alternate,	 parallel	 sandstone	 and	mudstone	 laminae	 (i.e.	mudstone	354	
drapes	 along	 toeset	 surfaces)	 yielding	wavy-bedding	 structures	 (Reineck	 and	 Singh,	 1980;	355	
Ringrose	et	al.,	2005)	(Figure	3	A),	and	reproduced	in	the	trough	cross-bedded	end-member	356	
model	 (Figure	3	D)	 as	well	 as	 the	 intermediate	model.	 This	 difference	 in	 toeset	 content	 is	357	
reflected	 in	the	values	of	toeset	dip	angle	α	and	dune	climb	angle	δ	 (Table	1).	The	smaller	358	
these	 two	 angles	 are,	 the	 thinner	 the	 toeset	 thickness	 TT	 (equation	 (6)	 in	Massart	 et	al.,	359	
2016).	 As	 both	 values	 of	α	 and	 δ	 are	 small,	 the	 toeset	 thickness	 TT	 in	 the	 tabular	 cross-360	













We	 begin	 by	 presenting	 typical	 results	 for	 one	 flow	 simulation	 experiment,	 yielding	 a	366	
single	value	of	effective	permeability	(Figure	5).	The	example	is	for	the	intermediate	model	367	
with	25%	mudstone	drape	coverage,	the	full	sample	volume	of	9	m3,	and	flow	in	the	(down)	368	
dip	 direction	 (i.e.	 across	 mudstone	 drapes).	 Flow	 rate	 and	 average	 fluid	 potential	 are	369	





different	 sample	 volumes,	 yielded	 the	 values	 of	 normalized	 effective	 permeability	 for	 the	375	
intermediate	 model	 shown	 in	 Figure	 6;	 also	 shown	 is	 the	 sandstone	 fraction	 in	 the	376	
corresponding	model.	The	variability	in	permeability	is	a	function	of	sample	volume,	as	is	the	377	
fraction	 of	 sandstone.	 This	 latter	 variation	 occurs	 because	 different	 volumes	 of	mudstone	378	
are	 included	 in	models	as	 the	sample	volume	changes.	Horizontal	permeability	 in	both	dip	379	
and	 strike	 orientations	 varies	 with	 the	 volume	 of	 the	 sample,	 for	 sample	 volumes	 below	380	
1	m3.	A	sample	volume	of	c.	1	m3	thus	corresponds	here	to	the	REV.	The	slight	 increase	 in	381	
effective	 permeability	 observed	 for	 increasing	 sample	 volumes	 above	 1	m3	 (Figure	 6)	 is	382	
attributed	 to	 the	 increase	 in	 sandstone	 proportion	 as	 more	 sandy	 foresets	 are	 sampled	383	












The	 effective	 permeability	 of	 the	 intermediate	model	 (Figure	 2)	 was	 calculated	 for	 33	389	
scenarios	 of	mudstone	 drape	 coverage	 along	 foreset-toeset	 surfaces,	 ranging	 from	 0%	 to	390	
100%,	 corresponding	 to	 sandstone	 proportions	 ranging	 from	 1.00	 to	 0.74	 respectively.	391	
Normalized	effective	permeability	is	dependent	on	the	proportion	of	sandstone,	and	on	the	392	
direction	 of	 flow	 relative	 to	 the	 foreset-toeset	 surfaces	 (Figure	 7).	 Effective	 permeability	393	
decreases	 as	 the	 sandstone	 fraction	 decreases	 and	 is	 highly	 anisotropic:	 the	 vertical	394	
permeability	 falls	 to	 c.	0.5%	 of	 the	 value	 for	 sandstone,	while	 the	 horizontal	 permeability	395	
falls	to	c.	5%	and	c.	50%	of	the	sandstone	value	in	the	dip	and	strike	directions,	respectively.	396	
For	high	proportions	of	 sandstone	 (>	94%),	mudstone	drapes	occur	only	 along	 toesets,	397	
and	kd	and	ks	are	similar.	For	low	proportions	of	sandstone	(<	94%),	 in	which	both	foresets	398	
and	 toesets	 are	 lined	 by	mudstone	 drapes,	 kd	 and	 ks	 differ	 such	 that	 horizontal	 effective	399	














The	vertical	effective	permeability	kv	 is	generally	much	 lower	 than	both	kd	and	ks	.	This	407	




the	 effective	 vertical	 permeability	 accompanying	 a	 small	 increase	 in	 mudstone	 fraction	412	
(Nordahl	 et	al.,	 2005;	 Ringrose	 et	al.,	 2005).	 Variations	 in	 the	 ratio	 between	 vertical	 and	413	
horizontal	 effective	 permeability	 kv	/kh	 ,	 as	 a	 function	 of	 sandstone	 content,	 are	 mainly	414	
controlled	by	the	variations	in	kv	.	415	
	416	
Impact	 of	 varying	 mudstone-drape	 coverage	 on	 effective	 permeability	 in	 end-member	417	
models	of	tabular	and	trough	cross-bedding	418	
The	 normalized	 horizontal	 effective	 permeabilities	 for	 the	 trough	 cross-bedded	 end-419	
member	model	 (Figure	3)	and	 the	 tabular	cross-bedded	end-member	model	 (Figure	4)	are	420	
shown	 in	 Figure	 8	 for	 two	 different	 toeset	 bedding	 styles:	 in	 wavy-bedded	 toesets,	 the	421	
sandstone	 and	mudstone	 layers	 are	 laterally	 continuous;	 in	 lenticular-bedded	 toesets,	 the	422	
sandstones	 form	 isolated	 lenses	encased	 in	mudstone.	Also	shown	for	comparison	are	 the	423	
results	 for	 the	 intermediate	 model	 with	 wavy-bedded	 toesets,	 which	 correspond	 to	 the	424	
results	of	Figure	7.	425	












wavy-bedded	 toesets	 (Figure	 8	A)	 and	 is	 very	 low	 in	 this	 model	 with	 lenticular-bedded	431	
toesets	(Figure	8	C).	In	contrast,	effective	permeability	in	the	strike	direction	ks	is	similar	for	432	
all	 three	models	 if	 they	 have	wavy-bedded	 toesets	 (Figure	 8	B),	 but	 differs	 significantly	 if	433	
they	have	 lenticular-bedded	 toesets	 (Figure	8	D).	The	 large	 range	of	effective	permeability	434	
values	 between	 the	 two	 (realistic)	 end-member	 models	 confirms	 the	 strong	 influence	 of	435	
toeset	lamination	style		on	the	horizontal	anisotropy	in	effective	permeability.	436	







parts,	 the	 foreset	 thickness	 (which	 controls	 the	 number	 of	 mudstone	 drapes)	 and	 the	444	
direction	 of	 flow.	 For	 example,	 a	 sandstone	 fraction	 of	 90%	 yields	 dip-oriented	 effective	445	
permeabilities	kd	that	are	twice	the	value	for	the	trough	cross-bedded	model	(kd	=	0.72)	than	446	
for	the	tabular	cross-bedded	model	(kd	=	0.36)	(Figure	8	A).	For	strike-oriented	flow,	ks	is	the	447	
same	as	 kd	 for	 the	 trough	cross-bedded	model	 (ks	=	0.72)	but	higher	 for	 the	 tabular	cross-448	
bedded	model	 (ks	=	0.87)	 (Figure	8	B).	These	results	are	extracted	from	models	with	wavy-449	
bedded	toesets;	the	results	are	different	for	lenticular-bedded	toesets	(Figure	8	C	and	D).	450	











by	 the	 foreset	 to	 toeset	 ratio	 (Table	 1);	 (2)	 the	 lateral	 and	 vertical	 connectivity	 of	 toeset	454	
regions	 in	 different	 cross-bed	 sets,	 which	 is	 controlled	 by	 various	 parameters	 (3D	455	







is	 illustrated	 in	 Figure	 9	A,	 C	 and	E.	 The	 fluid	 potential	 is	 influenced	 by	 the	 cross-bedding	463	
surfaces,	with	high	potentials	located	preferentially	at	the	bottom	of	the	models,	adjacent	to	464	
the	 injection	 face;	 low	 potentials	 are	 located	 preferentially	 at	 the	 top	 of	 the	 models,	465	
adjacent	to	the	production	face.	This	aspect	of	the	fluid	potential	 is	related	to	the	concave	466	
geometry	of	the	cross-bedding	surfaces	and	the	mudstone	distribution	along	each	surface:	467	
the	 lower	 parts	 of	 the	 surfaces	 tend	 to	 be	 lined	with	mudstone	 drapes,	 leading	 to	 locally	468	
higher	 potentials;	 in	 comparison,	 the	 comparatively	 mudstone-free,	 upper	 parts	 of	 the	469	
surfaces	constitute	pathways	for	flow,	leading	to	locally	lower	potentials.	In	areas	where	the	470	
flow	 is	 driven	 down	 the	 cross-bedding	 surfaces,	wavy-bedded	 layers	 in	 the	 toeset	 regions	471	
allow	the	flow	to	reach	underlying	cross-bed	sets.	As	a	result,	all	the	sandstone	laminae	of	472	














vertically,	 isolating	 adjacent	 cross-bed	 sets	 and	 creating	 dead-ends	 to	 horizontal	 flow.	479	
Noticeably,	in	the	trough	cross-bedded	model	(Figure	9	B),	only	the	lowermost	cross-bed	set	480	
is	 connected	 to	both	 the	 injection	and	production	 faces;	 this	 cross-bed	set	constitutes	 the	481	
dominant	flow	path.	The	tortuosity	of	the	flow	is	primarily	controlled	by	the	abundance	of	482	
toesets	compared	to	foresets;	the	foreset	mudstone	drape	coverage	has	an	 impact	only	 in	483	
cases	 where	 toesets	 are	 comparatively	 scarce	 (for	 example,	 in	 the	 tabular	 cross-bedded	484	
models,	Figure	9	E	and	F).		485	
	486	







permeability;	 and	 (4)	 the	 only	 parameter	 with	 a	 consistently	 low	 impact	 on	 effective	494	
permeability	 is	 foreset	 thickness	 FT	.	 Each	 of	 the	 other	 parameters	 affects	 the	 effective	495	











regions.	This	 inference	 is	supported	by	the	greater	 impact	on	effective	permeability	of	 the	500	





The	 results	 presented	 here	 demonstrate	 that	 values	 of	 effective	 permeability	 for	506	
heterolithic	 cross-bedded	 sandstones	 are	 highly	 sensitive	 to	 only	 small	 variations	 in	507	
geometry	 and	mudstone	 content.	 Calculated	 values	 of	 effective	 permeability	 were	 highly	508	
variable	 in	 realistic	 models	 of	 the	 same	 interval,	 constructed	 using	 data	 extracted	 from	509	
different	outcrop	 locations.	Predictive	relationships	 for	effective	permeability	as	a	 function	510	
of	mudstone	content	were	determined	 in	earlier	 studies	 from	mini-models	of	heterolithic,	511	
wavy-bedded	 tidal	 sandstones,	 comparable	 in	 length-scale	 to	 the	models	 presented	 here	512	






The	 recommended	 workflow	 to	 calculate	 effective	 permeability	 in	 heterolithic,	 cross-519	
bedded	 tidal	 sandstones	 is	 therefore	 to	 create	 a	 number	 of	mini-models,	 similar	 to	 those	520	








mudstone	 content	 observed	 in	 reservoir-specific	 subsurface	 and	outcrop	 analog	 data,	 and	522	
calculate	effective	single	phase	(and	multiphase,	where	necessary)	reservoir	properties	from	523	
these	 models	 following	 the	 “geopseudo”	 approach	 suggested	 in	 previous	 studies	 for	524	











sets	 in	 an	 architectural	 element	 such	 as	 a	 barform,	 could	 not	 be	 verified.	Moreover,	 the	536	
impact	 of	 cross-bed	 set	 terminations,	 especially	 in	 the	 strike	 orientation,	 could	 not	 be	537	
determined.	The	results	of	the	sensitivity	analysis	revealed	that	the	parameters	controlling	538	














To	 constrain	 the	 effective	 permeability	 of	 tidal	 heterolithic	 cross-bedded	 sandstone	546	
facies,	the	construction	of	mini-models	can	be	facilitated	using	dedicated	software	focused	547	
on	process-based	modelling	of	sedimentary	architecture	 (noting	 the	 limitations	outlined	 in	548	
the	 introduction	 of	 this	 paper:	 it	 is	 difficult	 to	 ensure	 that	 process-based	 models	 honor	549	
geometric	 data	 obtained	 from	 the	 subsurface	 or	 outcrop	 analogs),	 or	 the	 software	550	
developed	 for	 this	 study.	 Some	 of	 the	 geometric	 parameters	 required	 to	 construct	 such	551	
models	can	be	extracted	from	subsurface	data;	others	must	be	estimated	or	obtained	from	552	
outcrop	 analogs	 (e.g.	 Massart	 et	al.,	 2016).	 A	 broad	 range	 of	 geometric	 parameters	 is	553	
expected,	 as	 heterolithic	 intervals	 vary	 laterally	 at	 the	 meter	 scale	 in	 tidally	 influenced	554	
depositional	 environments.	 The	 impact	 of	 this	 variability	 on	 effective	 permeability	 is	555	
illustrated	by	 the	differences	observed	 in	 the	 two	end-member	models	constructed	 in	 this	556	
study	using	data	from	the	same	reservoir-analog	formation.	557	
In	many	 circumstances,	 the	 creation	of	 such	mini-models	will	 not	be	possible,	 and	 the	558	
results	 of	 our	 study	 provide	 some	 semi-qualitative	 guidance	 to	 constrain	 effective	559	
permeability	 in	 cross-bedded	 tidal	 sandstones	 when	 only	 core-plug	 measurements	 of	560	
permeability	are	available.	Critically,	it	is	likely	that	the	effective	horizontal	permeability	will	561	
be	significantly	lower	than	predicted	from	core-plug	measurements	(see	also	Jackson	et	al.,	562	
2003,	 2005),	 because	 plug-scale	 measurements	 over-estimate	 the	 lateral	 continuity	 of	563	
sandstone	laminae,	and	fail	to	account	for	the	presence	of	muddy	toesets	that	reduce	lateral	564	
connectivity.	 Even	 where	 the	mudstone	 content	 is	 relatively	 low,	 the	 effective	 horizontal	565	













the	 vertical	 permeability	 to	 just	 2%	 of	 the	 sandstone	 value.	 Thus	 there	 is	 likely	 to	 be	571	
significant	scope	to	reduce	plug-derived	values	of	permeability	in	a	history	match,	or	when	572	





investigated	 via	 flow	 simulation	 in	 order	 to	 calculate	 their	 effective	 permeability.	 Key	578	
findings	are	summarized	below.	579	
(1)	Values	of	effective	permeability	are	dependent	on	the	volume	sampled,	but	variation	is	580	
minimized	 for	 sample	 volumes	 of	 greater	 than	 c.	1	m3,	 which	 thus	 corresponds	 to	 a	581	
representative	elementary	volume	for	the	cross-bedded,	heterolithic	tidal	sandstone	facies	582	
investigated	 here.	 No	 REV	 for	 larger	 geologic	 elements	 comprising	 such	 facies	 (e.g.		583	
barforms)	could	be	identified	over	the	maximum	9	m3	volume	of	the	models	used.	584	
(2)	Variation	 in	the	coverage	of	foreset-toeset	surfaces	by	mudstone	drapes	has	an	 impact	585	
on	 effective	 permeability,	 and	 introduces	 pronounced	 anisotropy	 not	 only	 between	586	













a	 critical	 control	 on	 effective	 permeability.	 The	 occurrence	 of	 discontinuous	 sandstone	593	
laminae	 in	 lenticular-bedded	 toesets	 results	 in	 flow	 occurring	 only	 through	 sandy	 foreset	594	
regions	of	cross-bed	sets.	The	occurrence	of	continuous	sandstone	laminae	in	wavy-bedded	595	
toesets	 enables	 horizontal	 flow	 also	 through	 muddy	 toeset	 regions;	 furthermore,	 these	596	
laterally	 continuous	 sandstone	 laminae	 can	 be	 juxtaposed	 across	 erosional	 cross-bed	 set	597	
boundaries	to	enable	flow	between	cross-bed	sets.	598	
(4)	 No	 single	 parameter	 describing	 cross-bedding	 geometry	 exerts	 a	 dominant	 control	 on	599	
effective	 permeability.	 Instead,	 five	 parameters	 that	 control	 the	 distribution,	 extent	 and	600	
geometric	 configuration	of	 toesets	exert	 significant	 influence	on	effective	permeability	 for	601	
different	 sandstone	 proportions	 and	 flow	 directions:	 (1)	 trough	 or	 tabular	 cross-bedding	602	
style;	 (2)	the	volumetric	ratio	between	foreset	and	toeset	regions;	 (3)	toeset	dip	angle;	 (4)	603	
angle	 of	 dune	 climb;	 and	 (5)	 the	 dimensions	 of	 mudstone	 drapes	 present	 along	 foreset-604	
toeset	 surfaces.	 Parameters	 that	 control	 the	 distribution,	 extent	 and	 geometric	605	
configuration	 of	 foresets	 are	 less	 significant.	 The	 sensitivity	 of	 effective	 permeability	 to	606	
multiple	geometric	parameters	 indicates	 that	 it	 is	best	 calculated	using	a	 range	of	models	607	
that	capture	the	uncertainty	in	cross-bedding	geometry.	Input	parameters	for	these	models	608	
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Figure	 2:	 Intermediate	 surface-based	 model	 of	 trough	 cross-bedded	 tidal	 sandstone,	790	










strike	and	vertical	orientations	are	defined	 related	 to	 the	orientation	of	 the	cross-bedding	794	
surfaces.	 The	 conditions	 of	 a	 flow	 simulation	 experiment	 in	 the	 dip	 orientation	 are	795	






and	 toeset	 parts	 of	 the	 cross-bed	 set.	 B)	View	 of	 the	 trough	 cross-bedded	 end-member	802	
model	 of	 cross-bedded	 sandstones	 used	 to	 investigate	 the	 sensitivity	 of	 effective	803	
























based	 intermediate	 model	 with	 25%	 mudstone	 drape	 coverage.	 The	 injection	 and	820	









Figure	6:	Normalized	effective	horizontal	permeability	 versus	 sample	volume.	 Samples	are	830	
always	 located	at	 the	 center	of	 the	 intermediate	model	of	heterolithic,	 cross-bedded	 tidal	831	
sandstones	(Figure	2);	mudstone	drape	coverage	along	foreset-toeset	surfaces	is	25%.	Error	832	
bars	 represent	 the	 numerical	 artefacts	 introduced	 by	 the	 cornerpoint	 grid,	 calculated	 for	833	
models	 without	 mudstone	 (100%	 sandstone).	 The	 values	 of	 effective	 permeability	 are	834	















Figure	8:	Normalized	effective	permeability	of	 the	 intermediate,	 trough	cross-bedded	end-843	
member,	 and	 tabular	 cross-bedded	 end-member	 models:	 A)	dip-oriented	 effective	844	
horizontal	permeability	kd	for	models	with	wavy-bedded	toesets,	B)	strike-oriented	effective	845	




Figure	 9:	 Dip-oriented	 cross-sections	 through	 the	 (A	 and	B)	 trough	 cross-bedded	 end-850	
member	 (Figure	 3),	 (C	 and	D)	 intermediate	 (Figures	 2)	 and	 (E	 and	F)	 tabular	 cross-bedded	851	
end-member	 (Figure	 4)	 models,	 showing	 the	 fluid	 potential	 at	 steady-state,	 with	 25%	852	




six	 geometric	 input	 parameters	 in	 the	 dip	 (A	 –	 C)	 and	 strike	 (D	 –	 F)	 directions.	 Three	857	






































3	 9	 9	 9	





Number	of	cross-bedding	surfaces	 NCB	 -	 ≈600	 ≈540	 ≈170	
Style	of	cross-bedding	 -	 -	 Trough	 Trough	 Tabular	
Parabolic	 curvature	 of	 foreset-toeset	 template	
surfaces		 A	 -	 5.5	x	10-3	 5.5	x	10-3	 5.5	x	10-3	
Foreset	thickness		 FT	 cm	 5.9	±	3.9	 5.9	±	3.9	 10	±	3.9	
Toeset	dip	angle		 α	 °	 8	 8	 1	
Angle	of	dune	climb		 δ	 °	 5	 5	 0	




















Minimum	mudstone	patch	area		 MPS	 cm2	 150	 150	 150	
Foreset	to	toeset	volume	ratio	 RF/T	 -	
6.5	:	1	
(87%	foresets;	13%	toesets)	
2	:	3	
(40%	foresets;	60%	toesets)	
24	:	1	
(96%	foresets;	4%	toesets)	
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